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INTRODUCTION 
In recent years it has been necessary to utilize aero­
dynamic testing devices of limited flow duration in order to 
attain the desired flow conditions. When using devices of this 
type it is of considerable interest to know how the flow devel­
ops over the test model and how long it takes to establish steady 
flow conditions. As a rule of thumb the invisoid flow field is 
considered to be fully developed in the time it takes a particle 
in the flow to travel from the leading edge of the model to the 
last downstream point of interest on the model. While this is 
true of the inviscid flow field about the model it is not true 
of the boundary layers on the model. It may require three or 
four times as long for the boundary layers to become fully 
developed. In certain cases where testing time is severely 
limited it may not be possible to reach steady state conditions. 
It is then desirable to be able to predict the values of the 
significant parameters, notably shear stress and heat transfer 
rate, in the unsteady region in order to evaluate the experi­
mental data. 
Consider the case of a semi-infinite flat plate mounted 
parallel to the flow direction in a shock tube. The initial 
shock wave, which is perpendicular to the plate surface, passes 
over the sharp leading edge of the plate and continues across 
the plate, setting up the flow field behind it. The boundary 
layer will be very thin at the leading edge of the plate and also 
very thin at the base of the shock. In between, the boundary 
layer thickness will reach some maximum value. This behavior 
can be seen qualitatively from the typical schlieren picture of 
Figure 1. It would be expected that the shear stress and heat 
transfer rates would be higher in the regions where the boundary 
layer is thin and somewhat lower elsewhere. 
In shock tube flow the initial shock wave travels at a 
velocity, U^, while the gas behind it flows at a lower velo­
city, u^. In the limiting case when and u^ are equal 
another interesting application is found. If a coordinate 
system is fixed to the shock wave both the shock wave and the 
gas will be at rest but the plate will be moving with some 
velocity, U^. The problem is now equivalent to that of a pro­
jectile penetrating a barrier and entering a region of gas which 
is at rest. One application which immediately comes to mind is 
that of a.missile launched from under water. 
The purpose of the present investigation was to study 
the unsteady boundary layer development both on a semi-infinite 
flat plate mounted in a shock tube and on a semi-infinite 
flat plate penetrating a barrier. The momentum and energy 
equations of the boundary layer are developed and numerical 
solutions are obtained for both cases. Results are presented 
for the shear stress and enthalpy fields and for the heat 
transfer rate at the wall. Experimental verification is ob-
Figure 1. Typical schlieren photograph of a developing 
boundary layer 

tained over a range of the significant parameters by measuring 
heat transfer rates on a flat plate mounted in a shock tube. 
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REVIEW OF LITERATURE 
Unsteady Boundary Layers 
A review of the general topic of unsteady boundary layers 
may be found in Stewartson (32,33). Unsteady boundary layers 
may be divided into three groups. First one might consider 
the topic of boundary layer instability which has been treated 
by Schlichting (29) as well as by many other authors. A 
second class occurs when the boundary layer is basically 
steady but subject to small pertubations in the free stream 
properties. A typical problem of this type is treated by 
Sarma (28) where the boundary layer equations are linearized. 
The third class, to which the present problem belongs » 
is that of developing boundary layers in which the external 
flow undergoes large changes. Pertinent examples of this 
class of boundary layers will be considered in more detail 
in the following sections. ^ 
The Rayleigh Problem 
The Rayleigh problem, which involves the impulsive set­
ting into motion of a flat plate which is initially at rest 
in a quiet gas, is of interest because of a limiting case of 
the present problem. The problem considered here involves a 
flow field set up by a shock wave moving over a semi-infinite 
flat plate. Initially the plate and the gas are at rest with 
respect to each other. Consider the limiting case of a very 
7 
weak shock, essentially an acoustic wave, in which property 
changes across the wave are. very small. The fluid velocity 
behind the wave will be very small, hence a particle near the 
leading edge of the plate will move a negligible distance 
in the time required for the shock wave to move across the 
plate. Therefore, in this limiting case the problem is the 
same as setting a semi-infinite flat plate into motion im­
pulsively, a form of the Rayleigh problem. 
The classical Rayleigh problem involves an infinite 
flat plate set impulsively into motion. This problem has 
been treated by Illingworth (16) from a boundary layer point 
of view which is restricted to large time periods. The case 
where initial gradients of velocity and enthalpy are allowed 
in the external flow is treated by Traugott (34) again using 
a boundary layer approach. The results are then matched with 
the inviscid outer region by an iterative technique. Ho-
warth (15) uses the equations of motion.in a linearized form 
assuming a small Mach number. The above three treatments all 
assume compressible flow with viscosity proportional to 
temperature and Prandtl number equal to unity. 
The modified form of the Rayleigh problem which is of the 
most interest here is that of a semi-infinite flat plate set 
impulsively into motion, Stewartson (31) treats this problem 
from a boundary layer point of view. His treatment allows 
for compressible flow, however, viscosity is assumed propor-
g 
tional to temperature. His results show that for u^t#5( the 
velocity field is independent of x but for larger values of 
time the velocity field is a function of both x and t. A 
numerical solution using the full equations of motion is 
reported by Harlow and Meixner (13). The results are found 
to be in basic agreement with the results of Stewartson al­
though some discrepancies are noted. 
The Boundary Layer on the Side Wall 
of a Shock Tube 
As a shock wave passes over a semi-infinite flat plate 
there exists an initial period when the flow is unaware of 
the leading edge of the plate. During this initial period 
of time the flow behaves as if the semi-^infini te flat plate 
were an infinite flat plate, such as the shock tube wall. 
During the past ten years much work has been done on 
the boundary layer that builds up on the side wall of a shock 
tube behind the initial shock wave. One of the earliest 
investigations of this problem was by MireIs (24). By attach­
ing a coordinate system to the shock wave the boundary layer 
flow is found to be steady and similar solutions are valid. 
By defining the appropriate transformations and assuming that 
viscosity is proportional to temperature (py constant across 
the boundary layer) Mirels showed that the momentum equation 
for the laminar compressible boundary layer could be written' 
as: 
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£• • • + ff • • = 0 , (1) 
Where: f = u/u^ 
This is the familiar Blasius equation which appears in steady 
flat plate boundary layer flow. However, different boundary 
conditions are found to apply. Two boundary conditions are 
common to both cases: 
f(0) = 0 
f ' (") = 1 
In the case of steady flat plate flow the third boundary 
condition is: 
f'(0) = 0 
since the plate is at rest in this coordinate system and no 
slip is assumed at the wall. 
In the case of a shock tube wall boundary layer the third 
boundary condition is: 
f'(0) = ^  
e 
since in the coordinate system attached to the shock wave the 
wall is moving with velocity u^ and again no slip is assumed 
at the wall. 
The energy equation and its appropriate boundary condi­
tions are the same in both cases. The energy equation is: 
Q 
T" + Prfl' + PRCT^DM^Cf**)^ = 0 (2) 
S ® 
(where Pr is assumed constant) 
The boundary conditions on T are fixed by the constant free 
10 
stream temperature and, in the case of an isothermal wall, by 
the constant wall temperature. _ — 
In Reference 24 MireIs carries out numerical solutions 
to these equations. In Reference 22 he presents additional 
solutions and extends the work to boundary layers behind ex­
pansion waves. Solutions for both the momentum and energy 
equations are presented for values of the parameter u^/u^ of; 
0 (steady flat plate solution), 2, 4, and 6. These last 
three values correspond to shock Mach numbers of 1.6, 3.15, 
and 5.75 respectively when real gas effects are considered. 
Additional results extending up to a shock Mach number of 
fourteen are presented by Mirels in References 25 and 23. 
In Reference 25 solutions are carried out allowing the product 
of density times^viscosity, pp, to vary across the boundary 
layer but assuming the Prandtl number constant and equal to 
one. In Reference 23 the work is extended to a Prandtl number 
of 0.72, again assumed constant. In addition References 25 
and 23 treat turbulent boundary layers behind advancing shock 
waves as well as the laminar case. 
Other theoretical work on this problem has been presented 
by Bromberg (3) who solved the momentum and energy equations 
for the case of pp constant across the boundary layer and 
Prandtl number equal to one. Bershader and Allport (2) pre­
sent a treatment under the same assumptions. A treatment 
utilizing an integral approach to the boundary layers and 
11 
oriented more toward solving the complete flow situation in a 
shock tube is presented by Trimpi and Cohen (35). A survey 
paper by Becker (1) reviews the theoretical and experimental 
work that had been done on shock tube wall boundary layers 
prior to 1959. An extension to the case of a laminar boundary 
layer behind a shock wave moving with nonuniform velocity 
such as an attenuating shock wave or a blast wave was pre­
sented by Mirels and Hamman (26) . The shock wave was assumed 
to have a power law variation with time. Both two-dimensional 
and axisymmetric boundary layers were treated under the assump­
tions of constant Prandtl number, viscosity proportional to 
temperature, constant specific heat, and a small wall to free 
stream temperature ratio. 
The validity of the above theories has been checked by 
experiment at least up to a shock Mach number of 7.5. 
Hartunian et al.(14) obtained experimental heat transfer 
data on the side wall of a shock tube in both the laminar and 
turbulent regime. The data in the laminar regime agreed 
quite well with Mirels* solutions which assume variable pu 
and a Prandtl number of 0.72. The turbulent data also agreed 
well with Mirels' predictions. Data were taken up to a shock 
Mach number of 7.5. 
Several measurements of velocity profiles in the shock 
tube boundary layer are available (21,2,9,4). Martin (21) 
measured density profiles across the boundary layer with an 
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interferometer and derived velocity profiles from these 
measurements. Bershader and Allport (2) also measured den­
sity profiles with an interferometer. In addition they ob­
tained some wall temperature and heat transfer measurements 
with thin film resistance thermometers. Gion (9) and Chen 
and Emrich (4) used a particle tracer technique to measure 
velocity profiles directly. These investigations show a 
reasonable amount of agreement with the results of Mirels' 
theory. 
The Shock-Induced Unsteady Laminar 
Boundary Layer 
The boundary layer developing on a flat plate with a 
sharp leading edge behind an advancing shock wave is treated 
by Lam and Crocco (19). They developed the unsteady boun­
dary layer equations under the following assumptions: 
1. The boundary layer approximations are valid through­
out the region of interest. 
2. The boundary layer is laminar. 
3. The initial shock wave remains plane. 
4. Viscosity is proportional to temperature. 
5. The Prandtl number is constant. 
The momentum equation was put into a form suitable for 
solution by numerical means and a solution was obtained only 
for the case of an infinitely weak shock wave. Suggestions 
were made concerning the numerical solution of the energy 
13 
equation although no solutions were attempted. A somewhat 
more detailed account of this work may be found in Lam (20). 
The extent of the work of Lam and Crocco (19) will be noted 
in the development of the problem in the following sections. 
14 
DEFINITION OF THE PROBLEM 
Consider a flat plate with sharp leading edge mounted in 
a shock tube as shown in Figure 2(a). Affix the origin of a 
coordinate system at the leading edge of the plate with posi­
tive X measured along the plate and y measured perpendicular 
to the plate. At time zero the initial shock wave will be 
located at the leading edge of the plate. - As time increases 
the shock wave will move across the plate with velocity U^. 
The shock strength will be characterized by the quantity A 
defined as the ratio of shock velocity, to gas velocity 
behind the shock, u^. 
The unsteady boundary layer which develops behind the 
initial shock wave will be examined after imposing the fol­
lowing assumptions: 
1. The flow is compressible. 
2. The boundary layer is laminar. 
3. The boundary layer approximations are valid through­
out the region of interest. 
4. The initial shock wave remains plane as it passes 
over the plate. 
5. The speed of the initial shock wave remains constant 
and conditions remain uniform in the inviscid region 
behind the shock wave. 
6. The Prandtl number is constant across the boundary 
layer. 
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Figure 2(b), Regions of the a-B domain 
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The product py is allowed to vary across the boun­
dary layer. However, comparisons are made with 
solutions assuming py constant across the boundary 
layer. 
/ • '  
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THEORETICAL TREATMENT 
Development of Equations 
The unsteady, two-dimensional, compressible, laminar 
boundary layer equations with zero pressure gradient can be 
written as follows (32): 
Continuity equation: 
H ^  ^ = 0 (3) 
Momentum equation: 
+1"# = 
Energy equation: 
(5) 
The boundary conditions for flat plate flow at the wall and 
in the free stream are: 
u(x, 0, t) = 0 
v(x, 0, t) = 0 
, h(x, 0, t) = h^ 
u(x, ", t) = Ug 
h(x, CO, t) = h^ 
Substituting into the momentum equation, the second boundary 
condition (v(x, 0, t) =0) may be replaced by: 
ly (n-^) = 0, at the wall. 
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The Crocco transformation will be used in this analysis. 
The following variables are defined, 
1 = u, n) 
h = h(ç, u, n) 
G = X (7) 
u = u(x, y, t) 
n = t 
The transformation equations may then be written as: 
iu = i LL_ L. 
3x 3Ç By 3u 
3u 
iz 
_ 3 3n_ JL-
3t 3n ^ 3u 
3u 
With this transformation the continuity and momentum equations 
can be combined to yield: 
lïiu + = " (9) 
The energy equation becomes: 
PMth^ + Uhj] + h* 
- 1? 11 + h,)l (10) 
19 
The boundary conditions can now be written as: 
At u = 0: 
= 0, h = h^ (11) 
At u = u_: 
o 
T = 0, h = h^, T = 0 
A set of dimensionless variables are defined. 
' • "ë' 
H = h - hg 
^o 
« = (12) 
o 
6 = U/Ug 
u 
c = -ejL_ 
Po*o 
Where the dependent variables are x and H and the independent 
variables are a, 3, and y. C will be assumed to be a known 
function of H only. The transformation equations are: 
20 
ls = è; I? 
2 
^ ^  r 3_ . 8_] 
3n Sy y 3a 
Under this transformation the momentum equation becomes; 
The energy equation is; 
2 
+ (l/Pr)Hgg] = CH^ + 
(14) 
+ (l-l/Pr) T T g  Hg (15) 
The boundary conditions become: 
6 = 0 ;  T G  =  O r  H  =  
3 = 1 ;  T  =  O f  H = 0  
(16) 
In order to simplify the momentum equation. Equation 14, 
somewhat, it may be assumed that changes in the fluid proper­
ties are significant only across the boundary layer in the 
direction perpendicular to the main flow. Hence derivatives 
of C with respect to a and y may be neglected but derivatives 
with respect to 3 must be retained. The momentum equation 
can then be reduced to: 
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In order to further simplify both the momentum and energy 
equations the following procedure is followed. The steady 
flat plate boundary layer equations are found to be satisfied 
by a separation of variables solution of the form: 
T = X(x) •U(u) (18) 
The solution for the X equation has the form: X = l/v^. 
This allows the shear stress to become infinite at the leading 
edge where the boundary layer thickness approaches zero. In 
the present case a similar dependence on x might be expected 
although the boundary layer is no longer steady. With this 
in mind the following dependent variable is defined. 
^(o/PfY) = T(a,3rY) /cry (19) 
In terms of this variable the momentum and energy equations 
become respectively: 
+ (^) = a(3-a)6^- + (20) 
9 1 
JZJ [j^ + Hgg] = Ca(3-o)H^ + (l-l/Pr)2#gHg 
+ CayH^ (21) 
Since this definition of ^  superimposes an x dependence upon 
the solution, o might be allowed to be the primary time 
variable with all derivatives with respect to y neglected; 
that is, assuming y derivatives to be small compared with 
derivatives with respect to o and 3. The validity of this 
22 
assumption will be considered further later. 
The momentum and energy equations then become partial 
differential equations in two independent variables, o and g. 
+ I 3CJZÎ = a(B-a)C0^ (22) 
2 -o' 
^ + l/Pr Hgg] = Ca(B-a)H^ + (1-1/Pr) jrfjzJgHg (23) 
The boundary conditions on B are: 
g = 0; #g(o,0) = 0, H(a,0) = 
(24) 
6 = 1; f6{a,l) = 0, H(o,l) = 0 
Consider the domain of the independent variables a- and B 
which is of interest here. It has been noted that 6=0 
corresponds to the wall while 6=1 corresponds to the free 
stream. The appropriate boundary conditions on 6 have already 
been determined. 
The variable a was defined as —~ . Since o is primarily 
u 
a time variable a = 0 will correspona to infinite time. At 
a = A it is noted that t = ^  . This is the time at which 
s 
the initial shock wave passes any given x station. Hence it 
is the earliest time of interest. Thus the domain 
O ^ B ^ l /  O ^ o ^ A i s o f  c o n c e r n .  
Consider now the point a=l. This gives t = ^  or the 
o 
time required for a particle in the free stream which was just 
over the leading edge initially to travel to some x station. 
23 
At smaller times this x station would not have been aware of 
the leading edge but at larger times the effects of the 
leading edge will be felt. Hence in the portion of the domain 
1 j< a je A the plate will appear to be infinite and the similar 
solutions of Mirels (23) will be valid. This region is 
labeled the S region in Figure 2(b). The rest of the region, 
0 ^  a £ 1/ will be denoted as the I region or interaction 
region in which effects of the leading edge are felt. Since 
the solutions of Mirels are valid in the S region it is the 
1 region which will be of concern here. 
It is necessary to determine the boundary condition on 
0 and H at o =0 and a = 1 in order to solve the momentum and 
energy equations. The similar solutions of Mirels for the 
shear stress and enthalpy will be denoted by S(3;A) and Hg(3;A) 
respectively. When the shock strength parameter A goes to 
zero these solutions reduce to the steady flat plate solu­
tions. By transforming to the present coordinate system the 
shear stress and enthalpy in the S region are found to be: 
S(3;A) 
(25) 
H(o,3) = Hg(3;A) 
At infinite time, o = 0, the well known steady state solutions 
must be valid. Hence the boundary conditions at o = 1 and 
a = 0 may be written as: 
24 
f(l,G) = S(e;A) 
(26) 
H(l,3) = Hg(3;A) 
#(0,e) = S(e;0) 
H(0,e) = Hg(e;0) 
It is noted at this point that the only parameter in­
volved in the momentum and energy equations. Equations 22 
and 23, and their boundary conditions, listed above in Equation 
24 and 26, is the shock strength A. This is true since for 
shock tube flow with a fixed initial gas temperature, room 
temperature in this case, the quantities and are a 
o 
function only of A. 
The problem is now reduced to solving Equation 22 and 
23 over the interaction region defined by: 
0 £ a £ l ,  O ^ B ^ l  
Consider the momentum equation. Equation 22 first. The 
boundary conditions for 0(a,g) in the above defined region 
are: 
0(0,6) = S(3;0) 
0(1,e) = S(e;A) 
0g(o,O) = 0 
0(o,l) = 0 
A finite difference procedure was first tried to solve the 
momentum equation. Since this procedure seemed to be very 
unstable it was abandoned in favor of the method next 
described. 
25 
Equation 22 is first integrated across the boundary 
layer, that is, with respect to 3. Equation 22 may be re­
written in the form; 
1^66 ° I to(6-a)^ - 8/21 (27) 
Integrating from the wall to some arbitrary point p in the 
boundary layer; 
P f P 
I ^ V2iax 
Carrying out the integration of the left hand side and apply­
ing the boundary condition at the wall yields: 
o ^ o 
J ?(gg(o,X)dX = #g(a,X) I 
= 0g(a,p) - 4g(o,0) = 0g(G,p) 
A second integration is carried put from a point of interest, 
3, to the free stream. It is noted that: 
2#(o,p)#g(a,p)dp = I [df(o,p)]gdp 
2 
= si (o,p) 
= -0^(a,6) 
#2(o,l) - jzj2(a,3) 
B 
where the boundary condition at the free stream, 0=1, has 
been applied. The momentum equation now becomes: 
26 
4(a,e) =[| ^0(orP)dp| (X-a) ^(a, X) ) 
^ ° ' (28) 
Equation 28 is an expression for 0(a,g) at any point (a,B) 
which involves the solution for jzJ over the a-g field. This 
expression might be used in an iteration technique. 
Equation 23 with C(X) =1 was developed by Lam and Crocco 
(19) and used in an integral iteration procedure. One solu­
tion was carried out for the case of an infinitely weak 
shock, A = ». Simpson's rule was used in the numerical in­
tegration and a central difference approximation was used 
for derivatives with respect to a. Some convergence problems 
were noted, probably due to a lack of significant figures, 
but a seemingly realistic solution was obtained. 
The right hand side of Equation 28 could be evaluated 
numerically with a conventional integration rule. Instead ^ 
was approximated by a piecewise linear function since it is 
somewhat more well behaved than the integrand. 
The g axis was divided into IMAX-1 equal increments and 
the a axis into KMAX-1 equal increments. A piecewise linear 
function ^  is defined as follows: 
0(X) = jz5(I-l) -5- g(^) I  ill-]] (X-Bd-D) (29) 
Where: 
6(1-1) £ X 6(1) 
I = 2,3, IMAX 
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It will be understood that is to be evaluated at some 
point K on the a axis unless otherwise noted. Evaluating 
X from the above one obtains: 
X = C1(I)^(X) + C2(I) (30) 
Where: 
(31) 
C2(I) = S(I-l) - C1(I)«S(I-1) <32) 
The following central difference approximation was used for 
partial derivatives with respect to a. ' 
d^(a,X) -  J (i!(.-Aa,X) (33) 
-These- relations are substituted into Equation 28 and the 
indicated integration is performed. After considerable, 
though straightforward, algebraic manipulation the following 
expression for the momentum equation is obtained. 
IMAX r- _ _ 
#(a,6) ={ I C1(J) C5(J)C9(J) + C6 (J) (J) - dr(J-l)f 
J=Ig+l L 
+ C7(J)(jz5(J) - jzî(J-l)) + C8 (J) ^^2 _^2 
Where: 
C9(J) = In (zî(J) - In jzJ(J-l)-
28 
C8(J) = ^Ï^|c5(l) In + C6(I)(#(I) - f(I-l)) 
+ C7(I) ( 
F(%r " Wa 
- jc5(J) In + C6(J)0(J-1) + 
C7{J) = ^  [C1(J)C2(J)C4(J) - aCl(J)C4(jij^ë(J) + C(J-l)j 
C6(J) = [Çi£)^-Çl£z2^[ci(j)]'[i _ 
C5ÏJ) = G1(J) je (J) + |c2(J) - C3(J) 
- ~ (C2(J)C3(J) + C1(J)C4(J^ 
CA(J) = (CI(K-1,G)-CI(K+1,J))C2(K.J) 
C1(K+1,J)C1(K-1,J) 
+ CI(K+1,J)C2(K-1,J)-CIC2(K+l.Jl 
C1(K+1,J) C1(K-1,J) 
C3(J) = (Cl(K-lrJ) - C(K+1,J))C1(K,J) 
C1(K+1,J)C1(K-1,J) 
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Equation 34 is the form of the momentum equation which was 
used in the numerical solutions. 
The energy equation. Equation 23, will now be considered. 
The boundary conditions for H (a, 6) over the region, 0 _< 1, 
0 j< B £ 1, are: 
H(0,6) = Hg(e;0) 
H(1,6) = Hg(B;A) 
H(a,0) = 
H(ay.l) — 0 
Equation 23 may be rewritten as: 
2 
Hgg = Pr {- ^ [a(B-a)CH^ + (1-1/Pr)jzîjzîgHg]} (35) 
1—Pr Rearranging and multiplying thru by 0 yields: 
+ (l-PDd'PrdgHg = (361 
It is noted that: 
By integrating Equation 36 from the wall to some arbitrary 
point p in the boundary layer in a like manner as with the 
momentum equation one obtains: 
r P Pr u 2 /• P 
Jo h («'^)Hg(a,X))dX = - ^ |ZÎ^"^^(a,X)dX 
o 
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P C(X) (X-a)H_(a,X) 
Evaluating the left side and rearranging one obtains: 
+ i .l+Pr, ' " 
f P C(X) (X-a)H (a,X) 
Again it is necessary to integrate a second time from a point, 
g, to the free stream. Applying the boundary condition in the 
free stream to the left hand side yields: 
1 
j Hg(a,p)dp = H(a,l) - H(a,B) 
= -H(a,B) 
Hence the energy equation becomes: 
H(a,e) = dp 
+ I f te] "'-
60 
1 [ P C(X) (X-a)H (a,X) r - f tr U V A ; IA A;JI IO/A;
I I 
- oPr 
e 
The piecewise linear expression for /f defined by Equation 29 
will be used again. In a like manner a piecewise linear 
function H is defined. 
/ 
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H(X) = H(I-l) + H(I) - H(I-l) 6(1) - 3(1-1) (X-3 (I-D) (38) 
where 
3(1-1) <_ X < 3 (I) 
I = 2,3,.., IMAX 
Partial derivatives with respect to a will be approximated 
with the central difference approximation as used before in 
Equation 33. 
= H(a+Aa,M - H(a-Aa,X) (39) 
These substitutions are made in Equation 37 and the indicated 
integrations are carried out. The first term becomes after 
some manipulation: 
(40) 
Where CI(I) and C2(I) are defined as in Equation 31 and 32. 
The second term becomes: 
IMAX, 
1 P 1-Pr 
3 o (41) 
IMAX 
P^C1(J)C11(J) ,C1^(J) 
2(2-Pr) (jz{2 (J) _^2 
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where 
Cil (J) = 
- (fèé~) 4f"P^(J-i) 
'2-Pr 
The last term becomes: 
^ f 'C(X^ (X-olR 
« dx 
I -I ^  
C ) a)H^(o,X) 
Pr, _> .1+Pr, 
o 0 ' (a,p)0 (a,X) 
= I CI (J) (jzJ^^(J) - JZ{^^(J-1)) + C18(J)(#(J)-0(J-1)) 
I +1 
+ 5^|^(|lS^(J)-|<^(J-l))]+ ^^l(J)C17(J)ln (42) 
where 
C19(J) = C1(J^C15(J)C10(J) 
CIS(J) = tCl(J)C14 W-C15(J)(a-C2(J))^^ 
C17(J) = [C14(JH«-C2(J))]cio(j) 
J-1 
C16(J) = I [C17(J) - 4^^^(1-1)1 
1=2 
/-Pr, 
33 
+C18(I) } +C19 (I) {#2-9^(1) -
=• C17(J)jzJ"^^(J-l) - C18(J)jz5^"^^(J-l) - Cl9(J)#2-Pr(j_i) 
C15(J) = CI(J) [C3(K+1,J) - C13(K-1,J)] 
C14(J) = C12(K+1,J) - C12(K-1,J) 
+ C2(J) [C13(K+1,J) - C13(K-1,J)] 
C12(J) = H(J-l) - C13(J)B(J-1) 
It is assumed that terms are evaluated at the point K on the 
a axis unless noted otherwise. 
The following second order expression was used for the 
partial derivative of H with respect to 6 at the wall. 
Hg(a,0) = (3H^ + 4H(a,A6) - H(o,2A6))/2Ag (43) 
The final expression for the energy equation then can be 
written: 
H(a,B) = 
-[3H^+4H(a,AS)-H(a,2A6)l-^^|f|^ll^ -*(9= (I-l)] 
34 
Pr u ^  IMAX 
+ ° 
-e 
|"-rci(g)cll(j){^pr(j, J 
+ §7^5) 
- oPr CI (J) Ppr''^' (*f=(J)-^^^(J-l)} 
T 4-1 L" 
+ C18(J)(4(J)-*(J-1)}+ (J)1^2_^2(j_i,M 
IM&X-lp Jins -I 
- aPr I |cl(J)C17(J)ln g%%j 
3 
(44) 
This is the final form of the energy equation as it was used 
in the numerical solutions. 
The heat transfer rate at the wall may be written as: 
By transforming into the dimensionless variables used here 
one obtains: 
/p jï il h 
_ O o o o ^(o,0) H.(a,0) (45) 
^ Pr P 
Finally a dimensionless heat transfer parameter is defined 
which will be used to present the results of this investiga­
tion . 
_ /x 
Q = = ^ (a,0)H. (a,0) (46) 
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Numerical Solutions 
The momentum equation and the energy equation were used 
in the numerical solutions in the form given in Equations 34 
and 44. 
Procedure 
The numerical procedure will first be described for the 
case of C(X) = 1, viscosity proportional to temperature, and 
then extended to the case of C(X) ^ 1. For the case of C(X)=1 
the momentum equation. Equation 34, does not depend on the H 
field and may be solved independently of the energy equation. 
Equation 34 will be used in an iteration procedure where it 
has effectively the form: 
jzC (a,e) = P(jz5(a',e')) (47) 
where a' and g' may vary over the whole domain. A sequence 
of itérants is now defined; 
= [m(a)#(*)+^']/[l+m(a)] (48) 
where m(o) is a weighting factor used to stabilize the 
itérants. It was found that the following expression for 
m(o) was satisfactory. 
m(o) = 1 + 7a (49) 
The initial iterant is defined as: 
#(0)(a,g) = maximum of. [S(g;0) ; ^^-~^S(3;A)] 
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In other words, both the steady state flat plate solution and 
Mirels' solution valid in the S region are extended beyond 
their limits of applicability and the one giving the larger 
result is used. Starting from this initial iterant an itera­
tion procedure is carried out over the interior values of a. 
The values at o = 0 and o = 1 are maintained at their orig­
inally correct values. In practice it was found desirable to 
specify that = 0 at o = 0 rather than to specify the value 
of 0 at a = 0. This allows solving for the steady state 
solution in the same iteration used for the interaction 
regime. It was necessary, however, to have the correct 
values for # at o = 1 before beginning the iteration. 
A similar procedure was used for the energy equation. 
Again the case of C(X) = 1 is considered first. Equation 44 
has the following effective form for iteration: 
H'(a,e) = G[jzJ(a',B') / H(a',g')] (50) 
Since the momentum equation has been solved the fS field is 
available for use in this calculation. A series of itérants 
is defined as with the momentum equation: 
H(n+1) = + H']/[l+r] (51) 
Here r is a weighting factor found necessary to be at least 
12 in order to stabilize the iteration. The initial iterant 
is defined as: 
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H(0)(a,B) = Hg(B;0) +a[Hg(B;A) - Hg(B;0)] 
Again an iteration procedure can be carried out on the in­
ternal values of a and 6 since for an isothermal wall the . .. 
values of H are fixed all around the boundaries. From initial 
calculations with values of H specified along a = 0 and a = 1 
it was noted that H = 0 was valid at these boundaries. This 
a 
behavior can be seen in Figure 3 which is a plot of at the 
wall as a function of a for a typical shock strength. This 
behavior is reasonable since the similar solutions valid at 
the steady state and in the S region require uniform H pro­
files. It was found desirable to specify = 0 at a = 0 
and at a = 1 rather than to fix the values of H there. In 
this way it is possible to solve for the steady state values 
and also determine the solution in the S region for cases 
where these values might not be available. It is then only 
necessary to have approximate values of H at a = 0 and a = 1 
to serve as initial itérants. 
The additional steps necessary when C(X) ^  1 but instead 
depends on H will now be considered. The momentum and energy 
equations are now coupled. It is necessary to assume a 
solution for H in order to solve the momentum equation. The 
resulting solution for ^  is then used to solve the energy 
equation. This solution for H can then be used to go back 
and resolve the momentum equation. This procedure can be 
continued until the desired degree of convergence is obtained. 
1.40 
Me= 7.65 
m. 
5 1.35 
< 1.30 
1.25 
lij 
5 1.20 
0.2 0.3 0.6 0.7 OB OS 
UJ 
TIME VARIABLE, a 
Figure 3. Enthalpy gradient at the wall as a function of a for a 
shock Mach number of 7.65 
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Observations on accuracy 
For the case of C(X) ^  1 Mirels' (23) presents values for 
shear stress and heat transfer only at the wall. It was noted 
above that one must have values for fS at all values of g 
for a = 1 before iteration can be carried out. Hence, it was 
necessary to duplicate some of Mirels' work in order to ob­
tain these values. An integral iteration procedure of the 
same type as used in the interaction region was used to dupli­
cate this work. Since the result for 0 at the wall was given 
by Mirels (23) this was used as a check on the accuracy of 
the present numerical method. Calculations were carried out 
w i t h  t e n  a n d  t w e n t y  d i v i s i o n s  o f  t h e  d o m a i n  o f  0 £ 3 £ l .  
The result at the wall agreed with that of Mirels within 0.5 
per cent for ten divisions and within 0.25 per cent for 
twenty divisions. On the basis of this it was decided to use 
ten divisions of 6 and twenty divisions of o for the numerical 
solutions in the interaction region. It was found necessary 
to use double precision, sixteen significant figures, in order 
to obtain convergence. 
At least eight iterations were carried out for solutions 
to the momentum equation. At this point successive iterations 
varied by less than 0.05 per cent. Fifteen iterations were 
carried out for a solution to the energy equation. Successive 
iterations then varied by less than 0.02 per cent. The larger 
number of iterations for the energy equation was necessary 
4Q 
because the initial values for H at a = 0 and a = 1 were 
simply taken as the values for C = 1 even in the case when 
CY 1. 
For the case of C ^  1 an initial linear relation for H 
between the wall and free stream values was assumed. The 
second set of iterations was found to give satisfactory re­
sults. This was decided because the third iteration solution 
to the momentum equation varied from the second by less than 
0.02 per cent. Also, the heat transfer results from the 
second iteration solution at the wall for a = 1 matched with 
that given by Mirels (23) within 1.0 per cent. 
Results from numerical solutions 
The properties of air used in the numerical calculation 
were taken from Feldman (8) for the higher values of shook 
Mach number and from Keenan and Kaye (17) for the lower values. 
The parameter A/A-1 is plotted as a function of M in Figure 4. 
u 2 
The parameters g— and are plotted as a function of in 
o 
Figure 5. An initial shock tube channel pressure, of 
0.01 atmosphere is assumed in order to obtain these values. 
Numerical calculations were carried out for values of 
the parameter A/A-1 of 2,4,6,7.5,9,10, and 10.65. These values 
correspond respectively to shock Mach numbers of 1.6, 3.15, 
5.75, 7.65, 9.35, 11.3, and 14. The final iteration for the 
shear stress, ç6, fields are reproduced in Tables 1 thru 7. The 
enthalpy, H, fields appear in Tables 8 thru 14. A summary of 
the heat transfer results is given in Table 15. The above 
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Figure 4. Shock strength parameter, A/A-1, as a 
function of shock Mach number 
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2 Figure 5. Kinetic energy parameter, u , and wall enthalpy. 
as a function of shook Mach number 
Table 1, Shear stress, as a function of a and p for = 1.6 
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Table 3. Shear stress, gJ, as a function of a and p for M =5.75 
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Table 5. Shear stress, as a function of a and p for M =9.35 
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Table 6. Shear stress, as a function of a and B for = 11.3 
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0.3671 
0.3606 
C.3594 
C.35IÎ6 
C.3589 
C.1589 
1.4C32 
1.1355 
0.9603 
0.8341 
0.7375 
0.6603 
0.5963 
0.5420 
0.4964 
0.4580 
0.4257 
0.3999 
0.3789 
0.3608 
0.3493 
0.34)6 
0.33H1 
0.3377 
0.3 36 7 
0,3)69 
0.3369 
KMAX 
ii' 
C.60C0 0. 
. 1736 
.9495 
.8030 
.6974 
.6167 
.5521 
.4986 
.4536 
.4168 
.3868 
.3626 
.3447 
. 33C6 
.3211 
.3129 
.3074 
. 3Cfc3 
. 30f 3 
. 3C5? 
. !053 
. 10^3 
I I  
1 
u 
i. 
KI 
2 
0 0 Ç. 0 . 8.000.1.0 ._9.g_00. _i_. 
; 
_0.9185 
0.74 3C 
0.6283 
0.5456 
0.4825 
d.432C 
0.3902 
0.3556 
0.3Ô8C 
0.2926 
0 . 2 a 2 6  
0.2778 
0.2722 
0.2655 
0.?62l 
0.262 7 
0.2627 
0.?6l» 
0.26 1^. 
0.6388 
0.5166 
0.4367 
0.3793 
0.3354 
0.3CC3 
0.2714 
0.2483 
0.2325 
0.2218 
0.2159 
0.2155 
0.2127 
0.2084 
0.2036 
0 . 2 0 2 0  
0.2034 
0.2032 
C.2r2C 
0 . / 0 2 0  
C.2020 
3337 0: 
.2697 Oi 
.2280 
.1980 
.1751 
.1568 
.1418 
.1311 
. 1274 
. 1279 
.1279 0. 
.1277 0. 
.1257 
.1231 
. 12C4 
. 12C2 
.1214 
. 1 2 1 0  
. 12C« 
. 12 CO 
0 .  
o: 
oJ 
0 .  
0 .  
0 .  
0 .  
0.  
0 .  
0 .  
c .  
0 .  
0.  
c .  
c .  
0 .  
. 12C0 C. 
Table 7. Shear stress, as a function of a and g for = 14 
v i s u  C O M P U T A T I O N  C E N T E R  
A/(A 
6500 
.1000 
0550  
6637 .6326  
4074  .3810  
1.2225 
i ;0809  .0606 
. 9495  
.8574 
.7786  
.7099  
BETA= 
ALPHA • 
l.J)COO 
0 .9500  
0 .9000  
b l8500  
Oj^COO 
Ô.75Ô0 
0 .7000  
0 .6500  
0.6000 
0 .5500  
0 .5000  
0 .4500  
0 .4000  
0 .3500  
0.^000 
6" .  2500  
0.2000 
0 .1500  
0.1000 
0 .9676  
0 .8738  0  
~ÔJ7934 0  
0J7234 0,  
Ô.[6'618 0. 
0 .6069  0 .  
0 .0500  
0.0000 
015 576 
eus 143 
Ôj4734 0 
0I^_397__0 
Ôi4132  6  
0.3 920  0  
0 .3  857  b  
0 . '3851  0  
Ô. '3855  0  
0 :3855  0  
.4669 
.4346 
. 390é_  
.3851  
.3344_  
.3849  
q^._20p_0 
1 .9178  
1 .5525  i  
1 .3132  i  
1 .1406  1  
1 .0086  6  
6 .9029  
0 .8153  
0 .7404  
0 .6754  
0 .6187  0  
0 .5685  6  
0 .5242  
0 j .4B58 
0 .4502  
0 .4213  
0 .3992  
CL" 38 54 6 
0 .3815  p  
0 .3809  0  
6.3813 6 
0 .3813  9  
AMES, lOWA 
KE 
1.6200 
DVR 
3 .953  
3000  C.4000  0 .5000  
JTiL 
4396  
2177_ 
0576  
9352_ 
8372 
7^0 
6867  
6269 ,  
5751  
52^1 
4904  
45^ 
4264  
4ÇL19_ 
3856  
3759 ,  
3735  
372  8_ 
373  i  
3731  
1 .6057  
1 .2995 '  
1.0j91_ 
0 .9547  
0_«844J._ 
6 . 7557  
0._6824_ 
6.6200 
0_.5^67_ 
C.52i6 
0 .4817  
6.4487 
0._42 i p 
6 i3966  
p_. 3770 
0 .3671  
0_Î_3_^6_6_ 
6. 3594  
0_;3_586 
6. 3589  
0 .3589  
t 
IMAX 
11 
KMAX 
. . i t  
C.60C0 0.  
Ji^C32 
1 .1355  
0 .9603  
0 .8341  
0--73J5 
0 .6603  
0 .5963  
0 .54  20  
CL.  4964  
0 .4580  
0 .4257  
0 .3999  
Q«_37_89_ 
0 .3608  
0._34_93. 
0 .3416  
0._3381 ! 
0 .3377I  
p._33_67 
0 .3369  
0 .3369  
JJ3_6 
94  95  
8030  
6974  
6161 
5521  
49 SA 
4536  
4_168_ 
3868  
,362j^ 
3447  
J3C_6 
3211  
3_12_9_ 
3074  
3063  
3663 
3052  
3053  
3053  
II 
1 
Kl  
$ L 
OOC 0 .8000  
0 .9185  
6 . 74  3C 
0 .628  3_ 
0 .5456  
P_.4é25 
0.432c 
_0._3902_ 
0 .3556  
p .  3288  
O.^OSC 
P_.i926_ 
0.2826 
0 .?77e  
^722 
2655_  
2 6 2 1  
2627  
0 .2627  
0 .2615  
6 . 2615  
P._26J.5_ 
p_.^38é 
6 .5166  
0_. 436_7 
6.3793 
0. 3_354 
6 . 3CC^ 
0^^14 
6 .2483  
0 .232^  
0 . 2 2 1 8  
.0_,.2JL59 
0 .2155  
-9.-2127, 
0 .2084  
0_. 2_03é 
6.2626 
0_. 2034 
0 .2032  
0 . 2 0 2 0  
0.2026 
0.2026 
¥ 
0 .9000  1 .  
0 .3337  
0 .2 '697  
C.2?8P_  
0 .1980  
0.J1751 
b .  1568  
0. 1418_ 
0 .13Ï i  
0 .1274  
0 .1279  
0 .1279  
0 .1277  
P.l?_57_ 
0 .1231  
0. 120^ 
0 .1202  
0. 1214_ 
0.1216 
0.  1201_ 
0.1260 
0 . 1200  
0_.0_ 
oip 
OJO 
6 Jô 
oJo 
6 J 6 
0J6 
oio 
oJ6_ 
o|o 
oJo 
oJo 
oj6_ 
O.'O 
oJoL 
O.'O 
oJ6_ 
6:6 
cJ6_ 
o J ô  
oj6_ 
Table 8. Enthalpy, H, as a function of a and 3 for M =1.6 
s 
f I S U COMPUTATION CENTER; AMES, IOWA 
A/{A-1)  !  
2.0000! 
BETA= 
ALPHA 
PR 
0 .7200!  
-HW 
0 .28  50:  
KE 
0 .1850  
I / DVR 
1 .0890  
o;o: 0.1000 0.2000 0 .13000 0 .4000 o.scco 
IH F IELD (NEGATIVE #LUES )  P"  '  '  
1.0000 0.  
IMAX 
1 1  
KMAIX 
l|' 
Ci .6000  0 .7  
0 .  9500  0 .  
0 .  9000  0 ;  
0 .  8500  0 .  
0 .  80C0 0 .  
0 .  7500  0 .  
0 .  7000  0 .  
0 .  6500  0 .  
0 .  6000  0 ,  
0 .5500  0 .  
0 .5000  0 .  
0 .4500  0 .  
0 .4000  Oi  
2850 0 .255110.2262 0.11984 0. 17,15 0. 1453 
21850 0.25 5| 11 0 . 2 262 0 .119 8 4 0. 17j ijs 0. 14 53 |c 
2:850 0.2550 0.2262 _p'.il984 0. 171%p. 1452 G 
2:850 0.255,1] 0.2262 0.11983 0. 17,14 0.1452 ' 
21850. 0.255'0! 0^2261_ 0'.'l983_0. 17|1;3 0.1451 
2.850 0.2550 0.2261 0.1982 0. 1712 0.14 50 
21850 0.2550 0.2260 o'.11981 0. 17|11 0.1448 
2:850 0.2549, 0.2259 0.11979 0;17id8 0.1445 
2850  0 ._254&_0_.2257  0 . :1977  0 .  1706  0 .1442  
2  850  0 .2547;  0 .2255  Ô: .11974  0  .  1702  0 .  1438  
21850 0.25416 0.2253 o|.11971 0.16'98 0.1434 
2,850  0 .254:5 :  6 .2250  q . i l967  b ;16 '94  0 .14  29  
2l85p_0_.2543: 0.2248 0.11964 O; 1690 0.1425 
0 .3500  0 .21850  0 .2542  6 .2245  O' .11961  6 .1687  0 .1421  
0 .3000  Oè121850  0 .2540!  0 .2242  0 . :1956  0 .16 :82  0 .1416  
0 .2500  0i{2 i850  0 .253 '9 :  0 .2240  d . ! l953  Ol  16 '7 :8  0 .1412  
0 .2000  0 . !2 '850  0 .253 ,8!  0 .2238  0 .11951  0 .  léJ^S  0 .1409  
0 .1500  0 .2850  0 .2537  0 .2237  0 .11950  0 .  1673  0 .1407  
0 .1000  0 .!2'850 0.2537 0.2237 Q.':1949 0.167:2 0.1406 
2,850 0.253'7. 0.2236 0.il947 0.1670 0.1403 
^850  0 .2537  Oj .2236  0 . | l947  0 .  16 '7 !o  0 .1403  
10. 0500  0 .  
10. 0000  0 .  
1196  
, 1196 
1194 
1193 
1192  
1188  
1J84 
1180  
1175 
:1171  
1167  
1163  
1159 
1154  
1151  
1149  
1147  
II 
1 
00C 0 .8C00 
0.09:39 
"6Vc|9i3 9' 
6.0i9'3 8 
0 .0937  
1145  
1145  
0 .0 ,936  
0j!lQ?35 
6 . 0932  
0 .092  8  
0 .092  4  
0 .0919  
'67^9:16-
0j!_C|91^ 
6.0.9,09 
0._09p5_ 
6. 0901  
0._08'9 8_ 
"6. 0895  
O.Oa'94 
-t-Vl 
C.C680 
6. C680: 
0^C6J9 
0 .0678 ,  
0_. C^7_B 
6 .  C677j  
0 .0675  
0 .C673 '  
O .C670  
6 .0666  
_0_._C662i 
6. C659' 
_p. 0^^ 
0 .0654  
0 .0651  
0 .  €641  
0. 0645! 
6. C642i 
0 .C640  
0 .0891  
0 .0891  
0 .C638  
0 .0638  
KI  K 
1 : 
F! 
2  2  01 
0. 9000 1 .  oi 
•C.  0394  0. oi 
10. 0394  0 .  01 
0.  0394  0.  0! 
0.  0394  0.  0: 
0.  0394  0 .  oi 
0 .  0394  0.  01 
0 .  0393  0.  0: 
0.  0392  0 .  oi 
c .  0390  0.  oi 
0 .  0388  0 .  0:  
0; 0386  0.  oi 
0 .  0385  0.  0! 
0.  0383  0 .  0! 
0.  0382  0.  0;  
0.  0380  0.  d 
0.  0378  0.  d 
0.  0377  0 .  d 
0.  0375  0.  d 
0.  03  74  0.  d 
0 .  0372  0 .  
0.  03  72  0.  d 
Table 9. Enthalpy, H, as a function of a and g for = 3.15 
r I S U COMPUTATION CENTER; AMES, IOWA 
BETA= 
ALPHA 
1.0000 
0 .9500  
0 .9000  
0.8000 
0 .7500  
0 .7000  
A/ t  A 
4 .  
-1) 1 
COOOt 
PR 
0 .720  
-HW 
0 .664 'd  
0Jo  O-IOOO 0 .2000  <3.  
I IH  F IE  L D ( iNEG A TIVÊ '  y  A 
0 .6 '640  0 .5859  0^5123  OJ  
0 .'664 0 0 . 58'5j9 0 .5123 q 
Oi'6'640 0.^85^9 0.5122 q 
076640 0.585,9 o; 5 0. 
0 .6640  0 .5859:  0 .5120  0 .  
0.;6'646 0.5858 0.5l 19 0. 
0.585T'i 0.5117 Q 
0 .6500  
0.6000 
0 .5500  
0 .5000  
Oi 6:640 
Ô.6640  
0 .6640  
ir.6'640" 
0; 6:640 
0 .5856  
0.5854: 
0 .5114  Q.  
0 .4500  
0 .4000  
0 .3500  
0 .3000  
0 .2500  
0 .2000  
, 0 . 5110  Q.  
0.5851' Ô /5104  Ô.  
0 . 5847!  0 . 5098  q .  
0 .6  640  0 . 5844  0 . 5091  q .  
0 . 6640  0 . 584q 0 . 5084  Q.  
0. 6 :640  b.5836! b. 5077  Cl .  
0 .6 '640  0 .58^q 0 . 5068  0 .  
0.16:64 0 0.5826i 0.5059 0|. 
0 .1500  
0.1000 
0 .0500  
0.0000 
0i|6'640 Oj. 58221 0^5055 0. 
0 .5822  0 .50510 .  
0.5821: 0.5050 Q 
0 .58 l9  0 .5046  q  
0 .5819  0 .5046  0 .  
0 . '6640  
0.6:640 
Olj6!84Ô 
Oi 6:640 1—1 
KE 
0 .7000  
3000  
LUES)  
4428  
442  8  
4426  
4425  
4424  
4422  
4420  
4415 
4409_ 
4401 
439  2  
4382  
437  2  
4363  
4352_ 
4340  
4 334_ 
4329  
4327  
4322 
4322  
0^40 00 
0 .3771  
0 .3771"  
0 .37 ,68  
0 .37 ,67  
0^  3765  
b.376y 
0.376:0 
073754 
0.37/47 
bV37,3:7 
0j3726 
b.3714 
0.37.0i2 
0 .36)91  
0 .3679  
0 .3666  
0^36^8 
0 .365  2  
0^^49 
0; 3^4:2 
0 .3642  
IMAX 
5CC0 0 . 6 0 0 0  7000  0 .80CC 0 .9000  
0 .  
0. 
0 .  
b." 
0 .  
0 .  
0 .  
0. 
0 .  
0 .  
0 .  
0. 
0 .  
0'. 
0 .  
d. 
0 .  
d". 
0.  
b .  
0.  
3147  
3147  
3143  
3142  
3141_ 
3  i  38  
3135  
3128' 
3120 
3109  
3096  
3083  
3070  
3 C 59" 
30_4 7_ 
3033  
3024_ 
3'C 17 
3013_ 
3005  
3005  
0 .2550  
0  725  50  
0 .2547  
0 .254  6  
d .2544  
0 .2542  
dj^2J39 
0 .2532  
CL2523  
0 .2512  
d.24_9J^ 
d .24  84  
0 ' .2461  
d. 2j4 5p_ 
01724 37 
d.2_4 28_ 
072420  
d .24C7 
Cj .24C7 
0. 1,9 75 
"Ô.T975 
_q. l'9'7 2_ 
0.1(971 
p.j969_ 
0 .1967  
0 .1964  
' d. 19 5ë" 
_g^94S 
0 .193  7  
_pJS!24_ 
0. 1^^ 9Ï 2 
0. 1_4C7 
d7  14C7 
0^ 14C^' 
d .1404  
0 .1403  
d . i4c i  
0_^129_9^ 
d. 139^' 
0 .1386  
0 .1376  
0 .1365  
J5.j?i01 
d . i  
0 . 1  
0 . 1  
892  
88_2_ 
870  
0^861 
07 1 
0 .  1  
0 .  
0 .  
852  
d4e 
1839  
1,415-
0 .1356  
0^ lji47 
d . l339  
0. 13231 
0 .1314  
0. 1306, 
QjJJÇlj 
0 .1293  
0 .1293  
0 .0821  
070821  
Cj.^019_ 
0 .0819  
0 . 0 8 1 8  
0.0817 
0 . 0 8 1 6  
0 .0813  
0._pB^8_ 
C7C802 
0 .0796  
0.07 8"9 
0 .078^  6^0778 
p._07J3_ 
0 .0767  
C.0761_  
0 .0754  
0 .0750  
0 .0743  
0 .0743  
in 
M 
Table 10. Enthalpy, H, as a function of a and g for = 5.75 
r I S U COMPUTATION CENTER; AMES, IOWA 
ALPHA IH F 
K 00 0q_0_. 81650 
0.95Ô0 0i8|650 
0.9000 0.8 650 
0. 85CO 0. 8:650 
0.8000 0.8:650 
A/ (A-1)  !  
6.00001 
li 
PR 
0 .7200:  
BETA= Oi o; 
-HW 
0.8650 
KE 
1 .  
0.7500 0*8650 
0.7000 0J8'650 
0.1000: 0.2000 0:.13000 0 
IËLD (jNEGATlVE VALUES) " 
0^518JO.6467 0,.;5494 
O". 7518; 0. 6467 0.'5494 
O ' J 5 0 . 6 4 6 5  0 . ' 5 4 9 l  
0.751|7' 0.6464 0:.!549d 
^.751|7|_0^6463 0.5488 
0.7517; Ô.6462 0.:5486 
0.7516 0.6460 o!.;5483 
^72.0 
*4000  
0.6500 0.81650 
0.6000 0i8;650 
0.5500 0.8:650 
0.5000 0.8:650 
-0.4500 0*;8;650 
0.4000 Oi8:650 
0.3500 0.8650 
0.3000 0.!8'650 
0.2500 bi8'650 
0.2000 0*a650 
0.1500 0.ja65Ô 
0.1000 o.îe'ôso 
0.7514; 0.6456 0.5478 
(^.7511L0_.6451 0:5470 
0.750B 0.6444 0.5460 0 
0.7503!_0.6435 OJ5447 0 
0.7497 0.6425 0.5434 Oi45:19 
0.7491! 0.6414 0.5419 C 
6 
0 
0 
0 
*4501 
.44:84 
^4468 
.44:49 
*4434 
DVR 
1.9593 
i4593  
'*4 593' 
. 4 589 
.45:88 
.4586  
.45:83 
.4 5,80 
.4 5,74 
*4564  
,4 5152 
.4 536 
0.«5Cj0p_ 
0.3760 
b.3760 
0.3J55_ 
0.37 54 
0.3751_ 
0.3748 
I  MAX KMAIX 
11 2il! 
I I  
1 
0 .6000  0 .7 ,000  0 .8000  
0.  
ci. 
0. 
oi. 
c.  
c .  
0 .3745  C.  
0.0500 0^8650 
0.0000 0.18650 
0.748,5: 0.6403 0.15404 
0.J747i9i_0_. 639^ 0.15389 
0.747]] 0.6378 b.:5372 
0jJ465i_0.6368 0. '5359 
0.746|3| b.6363 Q.i5352 0.44'24 
0 .J4 6' 1|_ 0 .  6360 O' . '5 3 4 8 _ 0 .  4 419 
0.74 5|9 0.6356 b'.;5341 0.4410 
0.J:4_59 0_.6356_^.i5341_0_.vjig 
0.3738 
_P.3727 
0.3714 
A.3695_ 
0.3677 
0.3657 
0.3639 
0.3623_ 
0.3604 
0.3588_ 
0.3576 
0.3570_ 
0 . 3 5 6 0  I c i .  
0.3560 id. 
0. 
C.  
0. 
Cr 
0. 
d. 
C.  
0. 
IX c .  
d^ 
d .  
d .  
2986  
29  86  
2982  
2980  
2977  
2975  
2971  
2965  
2_?5 3 
2939  
2920  
2901  
2882  
2864  
2_849 
2831  
28 1,5 
2 8 0 2  
279^ 
27  84  
2784  
0._2;2:64 
O'. 2,264' 
0 .22 i6C 
b. 2,25 8 
0 .2256  
0 .2254  
0._2'251_ 
b.2|2i4 5 
0 .2233  
0. 22ii 9 
_p.22'01_ 
b .2 l i8  3  
0.2116 7_ 
b. 211152 
0.^1138 
0^1^80 
0. 1580' 
0_ .  1576  
b .1575  
0^1573, 
b .1572  
0 .1569  
0. 1565. 
0. 1A55 
0. 1543: 
0Î_1128, 
Oi 1514 
0. 1_501 
b ;1489  
0.1478 
0 .2 j l23  
0._2l'07_ 
0.2j0:94 
0 .2d87  
b .2b '75  
0_,J!Q75. 
0 .  1466  
0Î.1A53 
0^ 1441! 
0^1434 
b .  1422  
0 .1422  
KI 
2 
0 .9000  1 .  
C.0900^ 
0.0900' 
0.0898 
b.0897' 
0._0896 
b. 0895" 
0.0894 
0*0893 
0.0887_ 
0.0879 
0.08X0 
0.0862 
0.08_54_ 
0.0845 
p.ca3a_ 
0*0831 
0.08_22_ 
0.b812 
0.0806 
0.0797 
0.0797 
p. 
0 .  
o.'o: 
bloi '  
p_.( 
c.( 
0 . 1  0; 
o.bi 
o . id 
oloi 
0 .  
b. 
0 .  
b.'bi 
oM 
0 . 0  
o.bi 
o.joi 
o.oi 
o~.o:' 
o.d 
Table 11. Enthalpy, H, as a function of a and g for = 7.65 
v i s u  C O M P U T A T I O N  C E N T E R ;  A M E S ,  I O W A  
BOTA =  
ALPHA 
1 .0000  
[Torgsoo" 
0 .9000  
•pres'co" 
0 .80C0 
0 .7500  
0 .7000  
1 
A/(A 
7 .  
-1 )  i 
5000 
0. 
PR 
0 .720  0 
—HW 
0 .9  190 
KE 
1 . 4120  
•. 0 .1000  0 .2000  
IH F IELD ({NEGATIVE 
9!190  0 .7971  0 .6840  
0 ;797L!  0  .  6840  
0 .6838  
0 .6837  
0 .6836  
0.13000 0.-4C 
0., 
0:9:190 
DVR 
2 .377? ;  
0 .9190  0 . 7 9 7 0  
0.9:190-0.7970 
yALUES)  
q . ;5796  0_ .4832  
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Table 12. Enthalpy, H, as a function of a and 3 for = 9.35 
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Table 15. Heat transfer parameter, Q, as a function of 
o and 
s 
Shock Mach Number, Mg 
1.60 3.15 5.75 7.65 9.35 11.30 14.00 
Alpha Heat Transfer Parameter, Q 
1. 00 0. 2247 0. 8489 1. 6093 1. 9938 2. 3151 2. 5733 2. 8300 
0. 95 0. 2137 0. 7722 1. 4068 1. 6969 1. 9222 2. 1036 2. 2912 
0. 90 0. 2033 0. 7074 1. 2514 1. 4820 1. 6519 1. 7904 1. 9386 
0. 85 0. 1931 0. 6507 1. 1253 1. 3150 1. 4496 1. 5609 1. 6836 
0. 80 0. 1835 0. 6010 1. 0204 1. 1806 1. 2910 1. 3838 1. 4886 
0. 75 0. 1743 0. 5565 0. 9309 1. 0687 1. 1618 1. 2412 1. 3326 
0. 70 0. 1653 0. 5163 0. 8533 0. 9737 1. 0536 1. 1229 1. 2036 
0. 65 0. 1567 0. 4801 0. 7846 0. 8909 0. 9606 1. 0218 1. 0939 
0. 60 0. 1485 0. 4472 0. 7247 0. 8195 0. 8809 0. 9352 0. 9992 
0. 55 0. 1408 0. 4174 0. 6705 0. 7554 0. 8101 0. 8588 0. 9168 
0. 50 0. 1337 0. 3906 0. 6226 0. 6993 0. 7482 0. 7921 0. 8438 
0. 45 0. 1261 0. 3659 0. 5801 0. 6493 0. 6930 0. 7325 0. 7794 
0. 40 0. 1203 0. 3428 0. 5401 0. 6040 0. 6443 0. 6807 0. 7230 
0. 35 0. 1150 0. 3258 0. 5068 0. 5630 0. 5980 0. 6302 0. 6699 
0. 30 0. 1095 0. 3090 0. 4806 0. 5327 0. 5645 0. 5932 0. 6263 
0. 25 0. 1069 0. 2974 0. 4571 0. 5050 0. 5342 0. 5612 0. 5928 
0. 20 0. 1064 0. 2946 0. 4477 0. 4909 0. 5162 0. 5392 0. 5671 
0. 15 0. 1066 0. 2949 0. 4470 0. 4894 0. 5139 0. 5356 0. 5607 
0. 10 0. 1067 0. 2955 0. 4478 0. 4900 0. 5142 0. 5357 0. 5606 
0. 05 0. 1069 0. 2960 0. 4489 0. 4914 0. 5159 0. 5376 0. 5623 
0. 00 0. 1069 0. 2960 0. 4489 0. 4914 0. 5159 0. 5376 0. 5623 
58 
described calculations account for the variation of C with 
temperature according to the following equation given by 
Mirels (23). 
C= Vh 
"o-'o 
1.5481 0.5481 
H+1 
H-H 
+ 0 .0028  (  w 
/H+1 
) 
-5 B-^w 
- 5.74 X 10 (jf^) 
w 
(52) 
This equation is accurate within 3 per cent over the range 
considered here. Selected results from Tables 1 thru 15 are 
plotted in Figure 6 thru 11. In Figure 6 the heat transfer 
parameter, Q = evaluated at the wall is plotted as a 
function of with a as a parameter. In Figure 7 Q is 
plotted as a function of o with as a parameter. The shear 
stress at the wall, is plotted against with a as a 
parameter in Figure 8. In Figure 9 it is plotted against a 
with Mg as a parameter. 
Figures 10 and 11 show steady state values of a as a 
function of taken from the heat transfer and shear stress 
calculations respectively. For values of o less than the 
given indicated steady state value the heat transfer or shear 
stress will be within the given percentage of the final steady 
state value. Curves are ^ hown for 1, 5, and 10 per cent. The 
scatter in the points may be attributed to reading error since 
the steady values are approached asymptotically. 
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2 4 6 8 10 12 14 
SHOCK MACH NUMBER,Mg 
Figure 6. Heat transfer parameter, Q, as a function 
shock Mach number with a as a parameter 
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TIME VARIABLE,a 
Figure 7. Heat transfer parameter, Q, as a function of o with 
shock Mach number as a parameter 
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SHOCK MACH 
Figure 8. Wall shear stress/ 
Mach number with a as a parameter 
NUMBER. Mg 
as a function of shock 
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Figure 9. Wall shear stress, 0 , as a function of o with 
shock Mach number as a parameter 
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Calculations were carried out at values of 1.6, 3.15, 
and 5.75 for the case of C = 1. Comparisons with the C 5^ 1 
results are shown in Figures 12 and 13 for heat transfer and 
shear stress at the wall respectively. It is noted that for 
the case of = 5.75 the results are from 15 - 20 per cent 
low when C is assumed equal to one. From the results of 
Mirels (23) valid at a = 1 it can be seen that this variation 
becomes much greater at higher shock Mach numbers. 
Numerical solutions for a projectile penetrating a barrier 
An attempt was made to obtain numerical results for the 
boundary layer development on a flat plate penetrating a 
barrier. It was noted before that for this case A = 1. Hence 
the point a = 1 is at the barrier. The shear stress becomes 
infinite at the barrier, in this case at o =1. One cannot 
apply an infinite boundary condition in a numerical solution, 
however, one can apply several very large values in lieu of 
the infinite boxindary condition and study the behavior of 
the resulting solutions. In view of the highly approximate 
nature of this analysis solutions were carried out only for 
C = 1. As A approaches one, A/A-1 approaches infinity. 
Solutions to the momentum equation were carried out for A/A-1 
= 200, 300, and 400. The results of th^^ calculations in 
the form of shear stress at the wall are plotted against a 
in Figure 14. For values of a near one some difference is 
noted between the solutions. However, for a = 0.8 and smaller 
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Figure 12. 
TIME VARIABLE, a 
Comparison of heat transfer results accounting 
for variable properties with results obtained 
by assuming viscosity proportional to temperature 
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Figure 13. 
TIME VARIABLE,a 
Comparison of shear stress results accounting 
for variable properties with results obtained 
fay assuming viscosity proportional to temperature 
es 
3.0 
-g:,-200 
i-r 300 
x-f 400 
2.8 
2.6 
2.4 
o'" 
8 2.° 
LU 
q: 1.8 
h-
V)  
(r 
< 
UJ 
X 
CO 
0.6 
0.4 
0.2 _ 
0 0.2 0.4 0.6 0.8 1.0 
T I M E  V A R I A B L E ,  o  
Figure 14. Wall shear, stress, 0 , as a function of o for 
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the solutions are indistinguishable. This would lead one to 
believe that one might use the results plotted in Figure 14 
as an approximate solution for the case of A = 1, at least 
for smaller values of a. - ;i; 
Using the solution for corresponding to A/À-1 = 400 a 
series of solutions were carried out for the energy equation. 
For this case the values of T— and H , are not determined 
by the value of A but may vary independently of each other 
cind of A. Figures 15 and 16 show the heat transfer parameter, 
Q, as a function of o for several values of r— and H . 
ho w 
„ 2 
In Figure 15 H is held constant at -0.5 and _o is allowed 
^o to take on the values 0^25, 1 and 3. In Figure 16 ^  is held 
o 
constant at a value of one and H takes the values -0.1, 
w 
-0.5, and -0.9. The heat transfer results exhibit the logical 
characteristics of tending to very large values near a = 1 
where the boundary layer is very thin and tending to a steady 
value at small values of a. 
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EXPERIMENTAL VERIFICATION 
Experimental Equipment 
Shock tube 
The shock tube as a device for generating flows of high 
velocity and enthalpy has been amply described in the litera­
ture (10,11). A shock tube consists basically of a high 
pressure section and a low pressure section separated by a 
diaphragm. When the diaphragm is ruptured pressure pulses 
soon steepen to form a shock wave which propagates into the 
low pressure section or channel. The shock Mach number, which 
characterizes the strength of the wave, is defined as the 
speed of the shock wave divided by the speed of sound in the 
gas initially at rest in the channel. This shock wave heats 
and accelerates the gas in the channel. By applying the con­
servation equations across the shock wave the properties be­
hind the shock wave can be determined. Glass and Patterson 
(11) give the necessary relations for the case of a perfect 
gas. Peldman (8) presents the properties behind the shock 
wave in chart form for equilibrium air. 
The Iowa State University Shock Tube has been described 
in some detail by Hall (12). It has a three inch by six inch 
internal cross section and is thirty-eight feet long. The 
test gas used was air while the driver gas was air, helium, 
or mixtures of air and helium. 
Two experimental measurements are necessary to determine 
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the conditions in the shock tube. It is necessary to measure 
the pressure of the gas initially in the channel section. This 
was done with a Dubrovin vacuum gage for the higher pressures 
and with a Vecco Thermocouple vacuum gage for the lower 
pressures. A McCloud vacuum gage was used as a calibration 
standard. Since the gas is assumed to be initially at room 
temperature this is sufficient to fix the initial state of 
the gas. 
It is also necessary to measure the speed of the initial 
shock wave. This was accomplished with two platinum thin film 
resistance thermometers, similar to the heat transfer gages 
to be described later, mounted two feet apart on the side 
wall of the shock tube. The outputs of these two sensing 
devices were fed to a Beckman/Berkeley Model 7361U Eput and 
Counter which recorded the amount of time required for the 
shock wave to pass between the two stations. 
Model design 
The model used was a simple flat plate as shown in Figure 
17. The basic plate was machined from mild steel plate. 
Slots were machined in the top of the plate to accept pyrex 
inserts on which the thin platinum film heat transfer gages 
were mounted. Heat transfer gages were mounted at 2.58, 
4.62, and 6.55 inches back from the leading edge of the plate. 
Three gages were mounted at each position. Provisions were 
made for passing lead wires from the heat transfer gages out 
/ . 
Figure 17. Photograph of the flat plate showing the heat 
transfer gages 
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through the center of the plate. The leading edge was formed 
by a 7 degree included angle. This allowed operation with an 
attached shock on the underside of the plate, with the plate 
mounted at zero angle of attack, for a shock Mach number of 
greater than 2.8. A drawing of the plate with pertinent 
dimensions is shown in Figure 18. 
The plate was mounted spanning the tube horizontally near 
the vertical center of the tube as shown in Figure 19. The 
plate was supported by a rod and cam system internal to the 
model. This method was used in order to avoid any choking 
effects due to external model supports. 
Heat transfer gages 
The thin platinum film heat transfer measuring technique 
has been described by several authors (3,5,27,36) . The tech­
nique used here is essentially that previously developed in 
the Iowa State University Shock Tube Laboratory (5,6,7,12). 
A summary is included here along with any changes in the pro­
cedure made for this investigation. 
Construction The platinum films were mounted on pyrex 
plates. The plates were constructed with a series of four 
countersunk holes along the centerline as shown in Figure 18. 
Three gages were constructed on each plate. The countersunk 
faces of the holes were polished before mounting the gages. 
The surface of the plate was finally cleaned with acetone. 
Liquid-Bright Platinum #05-X, a suspension of platinum in an 
2.58' 
4.62"' 
L 
1 
1 
3_ 
6.55 
PLATINUM FILM 
LEAD WIRE 
CONNECTIONS 2.900' 
PYREX INSERTS 0.123 
0565' 
Figure 18. Drawing of the flat plate 
Figure 19. Photograph of the flat plate mounted in the 
shock tube 
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organic solvent manufactured by Engelhard Industries, Inc., 
East Newark, New Jersey, was used for the gages. A thin 
coating of this material was applied to the pyrex with a fine 
sable hair paint brush. The pyrex was then heated to 900 
degrees Fahrenheit in an open furnace at which time the organ­
ic carrier had burned off and the platinum had been deposited 
on the pyrex. The pyrex was then heated to 1280-1320 de­
grees Fahrenheit in order to soften the pyrex eind allow the 
platinum to bond well to the pyrex. Aging for three or four 
hours at somewhat lower temperatures was found to increase the 
durability of the film. 
Lead wires were tinned and inserted in the holes in the 
pyrex in a position suitable for soldering. The assembly 
was preheated to about 520 degrees Fahrenheit in a furnace. 
A flux of 42 parts of zinc chloride, 18 parts of ammonium 
chloride, and 100 parts of water by weight was applied to 
the film in the region to be soldered. Bits of 50-50 lead-tin 
solder were dropped into the countersunk holes and the solder 
connection was completed in a furnace. Excess solder was 
carefully ground off and any unfilled portions of the counter­
sunk holes were filled with circuit paint. 
Calibration In order to obtain heat transfer rates it 
is necessary to determine the temperature coefficient of re­
sistance, 5, of the platinum film and the quantity r of the 
pyrex backing. The temperature coefficient of resistance was 
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obtained by immersing the gage in a Hallikainen Model 1124c 
constant temperature oil bath. Resistance measurements were 
made with an Electro-Scientific Industries Model 250 DA 
impedance bridge. 
A method developed by Skinner (30) was used to determine 
the quantity r. This method involves subjecting the gage to 
a pulse of electrical energy that is repeatable and observing 
the response. The gage is pulsed in air and also while im­
mersed in some fluid. When pulsed in air heat is dissipated 
only into the pyrex since that lost to the air is negligible. 
When immersed, heat is dissipated into both the fluid and 
the pyrex. The properties of the pyrex and the fluid are 
related, in terms of the ratio of amplitude of the responses 
when pulsed in air and in the fluid, by the following equation. 
Fb = r^CB/B* -  1)"1 (53) 
Since the properties of the fluid are known the properties of 
the pyrex can now be determined. With this method any repeat-
able energy input may be used. However, it has been observed 
that the voltage zero is very hard to locate precisely although 
the time zero can be easily determined. If a step input of 
energy is used the response will vary parabolically with time 
as shown by Hall (12). The parabola may then be extrapolated 
to the time zero thus fixing the voltage zero. The bridge 
circuit used for calibration is shown in Figure 20. Six 
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forty-five volt batteries in parallel and a mercury switch 
were used to obtain a clean step input of power. 
Two fluids were tried in the calibrations. Water had 
been used in most work reported previously. However, when 
the gage is left in water for extended periods, in some cases 
only a few minutes, a resistance change and a change in the 
character of response of the gage is noted. It is necessary 
to complete the calibration before this change in response 
which causes deviation from a parabola takes place. It was 
suggested by Hall^ that Freon 113 could be used as a cali­
bration fluid without this undesirable effect on gage resis­
tance. However, as is shown in the error analysis in Appendix 
A, the effects of errors are much greater with Freon 113 
than with water. Since the techniques are the same in both 
cases with the exception of the fluid one would expect the 
errors in measuring the voltage amplitudes to be about the 
same. With this assumption the uncertainty in r is found to 
be three times as great with Freon 113 as with water. Hence 
it was decided to use water as the calibration fluid. Care 
was taken to finish the calibration before the resistance 
effects had rendered the results unusable. 
Data collection method The thin platinum film heat 
transfer gages are operated as a resistance thermometer. A 
constcuxt current circuit such as shown in Figure 21 is used to 
^Hall, Jerry L. Ames, Iowa. Use of Freon 113 as a cali­
bration fluid. Private communication. 1966. 
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measure resistance and hence temperature changes. If the 
ballast resistor is made large enough the error due to 
current changes can be reduced to a negligible level. By 
measuring the voltage change across the platinum film with an 
oscilloscope it is then possible to obtain the resistance 
change. The thin platinum films are sufficiently thin so 
that they have negligible heat capacity, hence it may be 
assumed that the thin film resistance thermometers measure 
the surface temperature of the backing material. 
If one dimensional heat flow is assumed and the backing 
is treated as a semi-infinite medium it is found that the 
surface temperature record as a function of time is sufficient 
to determine the heat transfer rate into the body. The mathe­
matical analysis of this problem is given in considerable 
detail by Hall (12). If the voltage-time record from the 
resistance thermometer is approximated by a piecewise linear 
function it has been shown by Cook and Felderman (5) that the 
f ina l  expres s ion  for  hea t  t rans fer  ra te  can  be  wr i t t en  a s :  
"ïn't) = ^  
n-' "6 Ef 
E( t  )  n -1  E( t  ) -E( t . )  
E ( t„ ) -E( t .^ )  ^  ^  E( t . ) -E( t . .^ )  
1/2 
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(54) 
This expression can be further reduced to: 
(55 )  
Where i = 0, 1, 2, n are the points, not necessarily 
equally spaced, at which voltage values are evaluated. Time 
zero corresponds to i = 0. 
Voltage-time curves from the heat transfer gages were 
recorded using two Tektronix 502 dual-beam oscilloscopes 
fitted with oscilloscope cameras. The results from a typical 
run is shown in Figure 22. Transparancies of the photographs 
were made and enlarged records were projected on graph paper. 
Voltage and time values were read from these graphs and punch 
ed on IBM data cards. A program for the IBM 360/50 computer 
was written to evaluate heat transfer rates from the voltage-
time data using Equation 55. A copy of the program is in­
cluded in Appendix B. 
Figure 22. Typical photograph of output from the four heat 
transfer gages. From top to bottom, the outputs 
are from gages mounted 2.58, 6.55, 6.55, and 
4.62 inches back from the leading edge. 
Shock Mach number = 5.61 
Ini t i a l  channe l  pres sure  =  1 .25  mm Hg  
Horizontal sensitivity =50 microseconds/cm 
Vertical sensitivity = 2 millivolts/cm 
a-j/M a<bea*k»4iw*. 
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Presentation of Experimental Data 
The three variables of concern in this problem are the 
shock Mach number, the initial channel pressure, and the 
position on the plate. As noted before, the first of these 
is the only parameter entering into the numerical solutions 
previously discussed. It was not possible to obtain experi­
mental data over the complete range of shock Mach number for 
which numerical solutions were obtained due to limitations 
of the shock tube facilities. In order to maintain an attached 
shock  wave  on  the  unders ide  o f  the  l ead ing  edge  o f  the  f l a t  
plate it was necessary to have a shock Mach number of three 
or greater. By evacuating the channel to as low a pressure 
as possible and pressurizing the high pressure section to 
as  h igh  a  pres sure  a s  a l l owable  a  shock  Mach  number  o f  6 .74  
was attained. Within these limits data were obtained at shock 
Mach numbers of 3.0, 4.0, 5.0, 5.7, and 6.74. The range of 
initial channel pressure, P^, that could be achieved at these 
shock strengths was somewhat limited especially at the higher 
shock Strengths. The maximum variation at any shock strength 
was by a factor of six. Data were taken at three positions on 
the plate; 2.58, 4.62, and 6.55 inches back from the leading 
edge. Three gages were available at each station. The 
availability of two dual-beam oscilloscopes allowed the output 
of four gages to be recorded. One gage was selected from each 
of the two forward stations and two from the rear station. 
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The outputs of all gages at a station were compared before the 
gages to be used were selected. The two gages used at the 
rear station yielded results that were almost identical in 
most cases. In order to reduce congestion on the data plots 
frequently the results of only one of these two gages was 
plotted. 
The data were plotted in the form of the dimensionless 
_ 
heat transfer parameter Q = . as a function of a, the 
/po*o*o o 
primary time variable. The data for shock Mach numbers of 
3.0, 4.0, 5.0, 5.7, and 6.74 are plotted in Figures 23 thru 
27 respectively. The initial channel pressure, and the 
plate position, x, are noted for each data symbol appearing 
on a figure. The theory line which appears in each figure is 
taken from the numerical results presented in Figure 6. At 
the large values of o, corresponding to very early times in 
the testing period, the errors in data reduction would be 
expected to be significant. Considerable scatter is noted 
especially at the weaker shock strengths. Maximum deviation 
from the theory line for a less than one is 30 per cent in 
Figure 23, 35 per cent in Figure 24, 25 per cent in Figure 
25 ,  25  per  cent  in  F igure  26 ,  and  10  per  cent  in  F igure  27 .  
Although the scatter is considerable the data are generally 
seen to center about the theory line. 
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CONCLUSIONS 
It can be seen from Figures 23 thru 27 that the experi­
mental data verifies the theoretical predictions. One of the 
crucial assumptions in obtaining the theoretical predictions 
was that of neglecting derivatives of 0 and H with respect 
to Y in the momentum and energy equations. The agreement be­
tween the data and theory would seem to substantiate this 
assumption. The definition of 0 made use of the steady 
state solution dependence on distance from the leading edge. 
Hence it depends on the boundary condition requiring shear 
stress to be infinite at the leading edge. It would seem 
that this approach would be valid whenever a sharp leading 
edge is involved. It would definitely seem to be valid for 
other cases of unsteady semi-infinite flat plate flow. 
Figures 10 and 11 show that there are definite limits 
cr> the design of models for use in shock tubes and limited 
duration flow devices in general. The limitations are noted 
to become somewhat more stringent with increasing shock Mach 
number. The available testing time for a particular flow 
device is fixed. Hence, to obtain a value of a less than or 
equal to that required for steady state it is necessary to 
restrict the model to less than a certain length. One can, 
however, relax these restrictions somewhat by accepting values 
within a certain percentage of the steady state values. This 
is shown by the three curves shown both in Figures 10 and 11. 
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The variation between results obtained by assuming vis­
cosity proportional to temperature and by accounting for the 
correc t  t emperature  var ia t ion  i s  shown in  F igures  12  and  13 .  
Assuming viscosity proportional to temperature results in 
considerable simplification of the problem. However, at high 
er values of shock Mach number it results in a significant 
amount of error. 
The case when A = 1 is of considerable practical in­
terest since it has been shown to apply to the case of a 
missile launched from under water. The results presented in 
Figures 14, 15, and 16 are obtained for the case of A ap­
proaching one and should be viewed as only an approximate 
solution for the case of A = 1. The results are also limited 
by the assumption of viscosity proportional to temperature. 
In spite of these approximations the results are expected to 
give a realistic indication of the general behavior of the 
boundary layer. 
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RECOMMENDATIONS FOR FURTHER STUDY 
During the courses of this investigation certain related 
problems and extensions of the present problem became ap­
parent. Some of these will be itemized below. 
1. As mentioned earlier the experimental verification 
of the present analysis was limited to shock Mach numbers of 
up to 6.74. Experimental verification should be obtained for 
higher shock Mach numbers. 
2. Experimental verification for heat transfer rates to 
the side wall of a shock tube is available only up to a shock 
Mach number of 7.5. This work should be extended to higher 
shock Mach numbers. 
3. The present analysis should be extended to include 
the effects of attenuation of the initial shock wave. Non-
uniformities in the region behind the initial shock wave 
such as those due to relaxation effects might also be included. 
4. The effects of dissociating and reacting flows might 
be included in the present boundary layer analysis. 
5. The effect of a pressure gradient in the flow might 
be included in the present analysis. 
6. Additional work should be done for the case of A = 1 
in order to eliminate some of the assumptions and inaccuracies 
of the present analysis. 
7. An attempt should be made to solve the case of A = 1 
allowing for acceleration of the flat plate. A missile 
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launched from under water would:likely be accelerating as it 
left the water. 
8, The feasibility of applying the unsteady boundary 
layer equations to other flows in the form presented here with 
partial derivatives with respect to y assumed negligible 
should be further investigated. A first step would be to 
apply the method to other unsteady semi-infinite flat plate 
flows. Both theoretical and experimental work is necessary. 
The method might be applied to the problem of a flat plate in 
a free stream with oscillating properties. The results could 
then be compared with available small pertubation solutions. 
Another case that might be considered is that of a flat plate 
in an initially steady free stream with an abrupt change in 
cond i t ions  imposed  upon  i t .  
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APPENDIX A 
Uncertainty of the Experimental Results 
The method used to estimate the uncertainty of the experi­
mental results was essentially that given by Kline and Mc-
Clintock (18) for single sample experiments. The uncertainty, 
of some quantity, R = R(v^, v^, — v^) , which is a function 
of the independent variables, v^, Vg, —v^, can be written as: 
<«r'' = (#. <11, v>' + -+ <=«> 
11 2 2 n n 
The uncertainty intervals must be estimated by the observer 
n 
in accordance with specified odds that-an"observation will fall 
within the interval. Uncertainty intervals were estimated so 
that the odds were approximately 20 to 1. 
Calibration uncertainties 
In Equation 53 the calibration factor is expressed in 
terms of the voltage amplitudes B and B*. It will be assumed 
that the properties of the calibration fluid are known with 
negligible uncertainty. The uncertainty for may be written 
as : 
Using Equation 53 one obtains: 
o s r .  2  3 1 " ,  p  
<V ' s B ^V + <-^> 
2 rs -I r- -W„ o W, 
0 • Kb] P' • f'l 
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From this equation it can be seen that the uncertainty in 
is significantly affected by the value of B/B*. For distilled 
water it is found that B/B* =2. while for Freon 113 the approxi­
mate results are B/B* =1.2. If the same uncertainties for 
B and B* are assumed to hold in both cases, it is noted that 
the uncertainty in is 3 times as large when Freon 113 is 
used as when water is used. 
On the basis of past experience an uncertainty of +3 
per cent was assumed for both B and B*. Since distilled 
water was used in the calibrations this yielded an uncertain­
ty of +8.5 per cent for r^. 
Heat transfer measurement uncertainty 
The heat transfer reduction equation. Equation 55, states 
that the experimental heat transfer rate is a function of r^, 
6, Eg, and the voltage-time summation term which we will call 
D. In addition the flow condition depends on the initial 
channel pressure, P^, and the shock Mach number, M^. It 
will be assumed that the uncertainty in the measurement of 
Mg is negligible. Equation 45 shows that the heat transfer 
rate is proportional to the square root of P^. Hence one 
can write for q: 
q  =  6 ,  E^, D, P^,—) 
The uncertainty interval for q is: 
(58) 
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Using Equations 45 and 55 this becomes : 
( 5 9 )  
W. P In 2 
2P 1 
The uncertainty for has been shown to be +8.5 per cent. 
The uncertainty for 5, D, and P^ were estimated to be 
+5, +3, +5 f and +10 per cent respectively. Using these values 
in Equation 59 yields an uncertainty of 13.5 per cent for the 
heat transfer rate q. 
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APPENDIX B 
Computer Programs and Flow Diagrams 
Three computer programs were used in this investigation. 
In Figure 29 the program to solve the boundary layer momentum 
equation. Equation 34, is reproduced. The program to solve 
the boundary layer energy equation. Equation 44, is reproduced 
in Figure 31. The program to reduce the experimental heat 
t r a n s f e r  d a t a  u s i n g  E q u a t i o n  5 5  i s  f o u n d  i n  F i g u r e  3 3 .  
Flow diagrams for the three programs are found in Figures 
28, 30, and 32 respectively. The sections of the programs 
listed in the flow diagrams are similarly labeled by comment 
cards inserted in the programs. 
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heat transfer data 
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Figure 33. Computer program to reduce experimental heat transfer data 
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